Abstract Latissimus dorsi tendon transfer is a method for surgical treatment of massive irreparable posterosuperior cuff tears. It partially restores active anteflexion, external rotation, and function of the shoulder but does not significantly increase strength of the shoulder. It is contraindicated in case of pseudoparalytic shoulder; associated irreparable subscapularis tear, deltoid palsy, and in case of associated osteoarthritis, as an isolated procedure. Results are inferior when performed as a secondary procedure compared with a primary procedure. However, latissimus dorsi tendon transfer is an attractive solution to improve shoulder mobility and function of young and non osteoarthritic patients whose previous surgical treatment of massive postero-superior irreparable rotator cuff tear failed. As a primary procedure, latissimus dorsi tendon transfer competes with debridement, biceps tenotomy, and partial cuff repair. In association with reverse shoulder arthroplasty, it restores active external rotation in osteoarthritic patients with active external rotation deficit. New arthroscopic assisted techniques might improve results in the future.
Introduction
Massive and irreparable posterior-superior cuff tears is a challenging problem among cuff tears.
Massive postero-superior tears may account up to approximately 40 % of the repaired rotator cuff [1] . Irreparable postero-superior cuff tears account for 7 % to 10 % of the surgically treated cuffs in our own experience.
There is an issue in the very definition of a massive and irreparable cuff tear.
Massive tears have been described as tears larger than 5 cm in diameter by some authors [2] or as tears involving two or three tendons by others [3] .
Moreover, a massive tear may be evaluated as irreparable preoperatively with a combination of tendon retraction to the glenoid edge and muscular atrophy stage 3 on magnetic resonance imaging according to Thomazeau et al [4] and/or a muscle fatty infiltration stage 3 and 4 on computed tomography arthrogram according to Goutallier et al [5] . A tear may also be evaluated as irreparable peroperatively when after extensive subacromial bursectomy and periglenoidal capsulotomy one is not able to pull the supra and/or the infraspinatus tendon to the edge of the greater tuberosity.
Postero-superior massive tears lead to progressive imbalance in shoulder motion with loss of normal motion of the upper arm, with specific loss of active external rotation when teres minor is involved in the tear. Ultimately, humeral head migrates superiorly and progressive cuff tear arthropathy is the final evolution of massive tears [1, [6] [7] [8] [9] 10 •].
However, postero-superior massive tears are more often well tolerated than antero-superior massive tears involving suprascapularis as pain is often less important when biceps tendon and subscapularis are not involved in the tear, and active movements may be unchanged as long as the teres minor is not involved in the tear [1, 11] .
Symptomatic massive and irreparable tears which have resisted medical treatment may be treated surgically with different options including arthroscopic debridement [12] [13] [14] , biceps tenotomy [15•, 16] , reverse acromioplasty or tuberoplasty [17, 18] , partial cuff repair [19, 20•, 21] , auto or allograft [22, 23] , synthetic grafts [24, 25] , tendon transfers, and reverse shoulder arthroplasty [26] .
Arthroscopic debridement is useful in terms of pain relief [15•, 16] but results may deteriorate with time in young and active patients [13] . Literature on reverse acromioplasty, auto and allografts, and synthetic grafts is scarce and usually limited to small series of patients in mono-center studies [17, 18, [22] [23] [24] [25] . Hence, those techniques have not gained wide acceptance.
Latissimus dorsi (LD) tendon transfer along with the teres major (TM) tendon transfer with an anterior approach for tendons harvesting was initially described by l'Episcopo [27] for sequelae of obstetrical brachial plexus palsy with shoulder active external rotation deficit. Hoffer et al [28] later described the LD and TM tendon transfer for the same indication with a posterior approach for LD and TM tendon harvesting. Latissimus dorsi transfer alone was first used in this indication by Gilbert in 1982 [29] and is still used with success in this indication [30] . Using Gilbert's adapted technique for adults, Gerber in 1988 [31•] was the first to describe LD tendon transfer for massive and irreparable cuff tears and this technique has since gained more popularity with more than 17 clinical studies published on the subject. Current concepts: anatomical and biomechanical rationale LD tendon is inserted on the distal part of the medial bicipital groove between the greater pectoralis and the teres major tendons. It is a very thin (1 mm) tendon, rather wide (3-5 cm) and its length is highly variable among patients, although usually around 5-7 cm [32, 33] (4-12 cm in our experience) (Fig. 1) . The LD muscle when acting on humerus is participating in the internal rotation, adduction and retropulsion of the humerus, along with other muscles as teres major. The LD muscle is participating in the balance of the trunk when acting on its medial insertions although with a much lower force than the one exerted on the humerus [34] .
Biomechanical and anatomical conditions for an efficient tendon transfer are as follows:
& Potential excursion of the transferred tendon important enough to allow mobilisation of the tendon from its original position to its final transferred position.
& Relative tension of the transferred muscle, which is related to cross sectional area and strength of the muscle, should be similar to the muscle whose function is to be replaced. & Direction of pull of the transferred muscle should be similar to the direction of the replaced muscle. & Traction on the neuro-vascular pedicle of the transferred muscle should be low enough to allow transfer without challenging vascularization and innervation of the transferred muscle. & Transferred tendon should be attached at a tension as close as possible as the tension of the transferred muscle at its original length in order to allow the best pre-tension on the muscle to give the best possible strength after transfer. & As less dissection as possible on the surrounding tissues of the transferred tendon to decrease risk of postoperative adhesion.
LD tendon has a 33 cm potential excursion after detachment off its humeral insertion: this length is enough to allow transfer on the humeral head if the LD muscle is freed from its attachments on the surrounding soft tissues, mainly teres major (TM) muscle, subcutaneous superficial tissues and more rarely distal tip of the scapula [35•] .
Relative tension of the LD muscle is much similar to the relative tension of the supraspinatus muscle but lower than the one of the infraspinatus muscle [35•] .
Direction of pull of the LD is closer to the direction of pull of the infraspinatus muscle than the one of the supraspinatus tendon.
Excursion of the neurovascular pedicle after blunt dissection only is 8 cm and allows transfer of the tendon on the humeral head without challenging vascularization or innervation of the muscle [33] .
Questions about LD tendon transfer may be the following: is the transferred LD able to restore normal biomechanics of the shoulder after a massive posterosuperior cuff tear? What is the ideal position where the transferred LD should be implanted on the humeral head to maximize its effect on restoration of normal shoulder biomechanics?
A few biomechanical studies have been conducted to try to answer those two questions. & Removing postero-superior cuff induces a decrease of shoulder moment-generating capacity in flexion, abduction, and external rotation [7, 9, 36] , an increase of internal rotation and latero-superior excursion of humeral head, and a decrease in gleno-humeral contact area [10•] . & In finite element model studies, transferring the LD tendon to the supraspinatus insertion is less favorable to restore biomechanical conditions of the normal shoulder than transferring the LD tendon to the infraspinatus insertion [7, 36] . & In finite element model studies, transferring TM alone is more efficient on restoring biomechanical conditions of the normal shoulder than transferring the LD tendon or LD + TM together. In addition, for TM, transfer to the supraspinatus insertion is better than transfer to the infraspinatus insertion [7, 36] . & In a cadaveric study, Hartzler et al [37] showed that the lower part of the trapezius had a higher effect than the LD tendon or the TM tendon for restoring external rotation moment arm.
Hence, those studies are rather confusing. Apart from Oh et al [10• ] who studied effect of LD alone, all other studies advocate a different transfer than LD (TM or lower trapezius) [7, 9, 36, 37] . The problem with those studies is the difference between computer modeling or in vitro studies and clinical reality during surgical procedure. LD tendon is rather easy to transfer without danger of impingement or cumbersome direction under the deltoid. This is not the case for TM tendon which is bulkier and less capable of excursion [33, 35•] and TM and LD together are usually too thick to allow an easy excursion between posterior deltoid and triceps muscle.
There is only 1 study in the literature which compared LD transfer alone with LD and TM transfer, both on infraspinatus insertion, for massive irreparable posterosuperior cuff tear [38•] , and conclusion was in favor of LD alone which gave better active abduction and flexion, and less progression of cuff tear arthropathy although LD transfer alone gave less strength than LD plus TM transfer.
Aoki et al [39•] in an animal study showed that adding a Teflon® felt to the LD tendon increased ultimate tensile force compared with LD tendon alone. This biomechanical study is in accordance with clinical study of Moursy et al [40• ] which showed better results after transferring LD tendon with a bone chip than after transferring LD tendon alone.
Analysis of the literature: current indications and contra-indications and factors influencing results of the LD tendon transfer
More than 17 studies have been published in the literature about LD tendon transfer in irreparable postero-superior cuff tears.
Most of the studies are not easily comparable as they dealt with different patients, used different surgical techniques, and analyzed their results with different outcome measures. Moreover, some of the successive published series used the same patients extracted from the global experience of one center [31•, 41, 42 •, 43•, 44 •]. Hence, unlike Longo et al [45] and Namadi et al [46] , it is important to limit analysis to the most recent series of each center (Table 1) .
Revision and primary patients
Although some series, not the most recent ones, do not find differences in objective and subjective results between patients operated on in a primary procedure and patients operated on in a revision procedure, most of the recent published series found that the latter had lower objective and subjective results.
Miniaci and MacLeod [47] found no difference in the objective results assessed by the UCLA score between patients who had an intact deltoid and the ones who had a nonfunctional deltoid.
For their 18 patients operated on in a revision procedure Birmingham and Neviaser [48] found results equivalent to the results of most of the series published where patients had been operated on in a primary procedure. The analysis of objective results were based on the American Shoulder and Elbow Society (ASES) score which is different from the Constant and Murley score (CS) [49] or Constant weighed score [42•] used as measurement tools for most of the published series. They had no control group operated on in a primary procedure, however, their results in terms of anteflexion increase, and pain decrease were similar to other studies.
Pearsall et al operated [50] on seven patients in a revision procedure and found modest improvement of function (mean postoperative CS 44, mean preoperative CS 23). However, the analysis of the preoperative mobility showed that none of their patients but one reached more than 60°of active forward flexion preoperatively and that mean preoperative anteflexion was 49°. This means that all their patients but one were pseudoparalytic patients, a situation where LD tendon transfer is a contraindication for Gerber and most of the authors.
Debeer and De Smet [51] found no statistical difference between primary and revision surgery although their postoperative scores were in favor of primary patients, however, they concluded that this lack of difference might be linked to the fact that most of the preoperative surgeries in revision procedures were arthroscopic procedures with no deltoid detachment.
Weening and Willems [52] in a series with 16 patients out of whom 9 were operated on in a revision procedure found no difference between primary and revision procedures (CS improvement, respectively, +24.47% and +23.88 %).
All the other series showed lower subjective and objective results in patients operated on in a revision procedure. Aoki [57] found lower results for revision patients but they included in their primary cases patients who had been already operated on with an isolated acromioplasty which is a serious bias to compare revision and primary patients although one might think that those patients being included in revision cases, primary cases might have obtained even more better results.
As a conclusion a majority of authors found less favorable results for revision patients besides detachment and/or atrophy of the anterior deltoid seemed to be a major risk factor for postoperative lower results whereas less aggressive preoperative surgery as arthroscopic debridement, acromioplasty or long head of the biceps tenotomy might be more favorable. However, results of such subgroups were usually not analyzed separately and the number of patients in each of those subgroups would certainly be too small to get enough statistical power to analyze the results. Those results may suggest that preserving deltoid muscle is important for success in a LD tendon transfer surgery.
Subscapularis tears
Some series excluded patients with subscapularis tear [38•, 40•, 48, 50, 58-60] . In some series small tears of the upper third of the subscapularis were repaired and had no influence Nové-Josserand et al [55•] found that patients with TM severe atrophy (stages 3 and 4) had lower CS than patients with no or moderate TM atrophy (stages 0, 1, and 2). However, they found that patients with severe TM atrophy had better CS increase (+30 points) than patients with no or moderate atrophy (+ 16 points) and better increase of active external rotation at the side whereas patients with no or moderate TM atrophy had decrease of active external rotation.
Although TM atrophy seemed to have a negative influence on CS, its real influence on results needs more studies to be better understood.
Age, gender
Very few authors analyzed the influence of age and gender on results of LD tendon transfer. Only Ianotti et al [61• ] found a statistically significative influence of age and gender on results: four out of five dissatisfied patients were women with a mean age of 60. Eight of nine satisfied patients were men with a mean age of 52.
Work related condition
Only Nové-Josserand et al [55• ] studied the influence of work related conditions on results and they found that worker's compensation status had no influence on results.
Preoperative mobility: do pseudoparalytic patients get better? Some authors excluded pseudoparalytic patients from the procedure [38•, 42•, 56] , but no author defined a precise value of anteflexion below which a patient would be considered as pseudoparalytic. To illustrate this difficulty, in one of those studies [56] , although pseudoparalytic patients were supposedly excluded, patients with preoperative mobility lower than 80°in anteflexion had better increase of anteflexion than patients with preoperative mobility higher than 120°. This suggested that patients with very low preoperative function, which could be called pseudoparalytic patients for some authors, still do get some benefits from LD tendon transfer procedure.
This point of view was confirmed by the Nove Josserand et al [55• ] study where five preoperatively pseudoparalytic patients recovered enough mobility to be considered as nonpseudoparalytic anymore.
Pearsall et al [50] who performed the LD tendon transfer on seven patients with a mean preoperative anteflexion of 49°, which might be considered as pseudoparalytic patients, found a modest although nonstatistically significative improvement in shoulder anteflexion from 49°preoperatively to 76°p ostoperatively.
Preoperative cuff tendons fatty degeneration
Only two studies [40•, 54] found a negative influence of preoperative stage 3 and 4 fatty degeneration of torn cuff tendons on results.
Double or single incision and position of LD tendon attachment
Some studies attached the LD tendon on infraspinatus insertion [38•] , most of the studies on the greater tuberosity with/or without attachment to the remaining stump of the cuff and to the subscapularis tendon.
There is no study with a sufficient number of patients comparing single or double incision and posterior attachment or superior attachment of transferred LD tendon.
LD alone or LD + TM Lichtenberg et al [38 •] compared two consecutive series of patients LD tendon transfer alone with combined LD and TM tendon transfer. Although patients operated on with transfer of LD and TM tendon had more postoperative strength than patients operated on with transfer of isolated LD tendon, the latter had significantly better active postoperative anteflexion and external rotation at the side and less postoperative arthrosis, but postoperative CS was not statistically different between the two groups of patients. LD tendon without reinforcement or reinforced with bone or artificial tissue Moursy et al [40• ] compared, in two consecutive series of patients, LD tendon transfer alone with LD tendon augmented with bone chips coming from its humeral insertion. They found better results for bone augmented LD tendon. In other series, some authors used Vicryl mesh reinforcement [51] , PDS reinforcement [55•] , or fascia lata augmentation of the LD tendon [50] in their technique but they did not compare their reinforced tendon technique group with a control group with native LD tendons. Using this LD tendon augmentation, they seemed to agree with Zafra et al [58] who hypothesized that the fact that LD tendon was very thin might be responsible for secondary failures.
Evolution toward osteoarthritis and superior migration of the humeral head
Some authors tried to analyze progression of osteoarthritis and superior migration of humeral head in order to look for a protective effect of LD tendon transfer.
Osteoarthritis progression varied among studies between 29 % and 50 %, but progression was usually limited to one stage of Hamada [63] or Samilson [64] classifications.
Proximal migration of humeral head was also common in the studies where this particular issue was looked for.
Usually osteoarthritis progression or superior humeral head migration were not statistically linked to lower clinical results. Lichtenberg et al [38•] showed statistically significative progression of osteoarthritis only with combined transfer of LD and TM tendons but in 87.5 % of the cases progression was limited to one stage in Hamada classification. In LD tendon transfer alone 50 % of the patients showed osteoarthritis progression of one stage but 37.5 % of the patients showed decrease of osteoarthritis.
Nove-Josserand and al [55•] showed progression of osteoarthritis in 46 % of their patients but only 7 % had a progression of two stages in Samilson classification. An interesting fact is that subacromial space decreased significantly in neutral and external rotation radiological analysis but increased in internal rotation radiological analysis, highlighting the importance of thorough analysis of subacromial space. Moreover, subacromial space is only to be assessed in primary patients as most of the revision patients had acromioplasty. Then, some authors, as Gerber et al [42•] , advocated analysis of superior migration of humeral head rather than subacromial space.
If LD tendon transfer does not seem to be able to stop progression of osteoarthritis or superior migration of humeral head, some authors [38•, 55 •] found some patients with decrease of arthrosis and even inferior head migration. Static analysis of humeral head position might not be enough to analyze the effect of LD tendon transfer on joint kinematics and arthrosis.
Electromyographic (EMG) studies
Only four studies analyzed the electric activity of the transferred LD muscle [38•, 44•, 61•, 65] with surface EMG.
Ianotti et al [61•] found activity in the transferred muscle in active external rotation in six out of nine patients with good clinical results but only one patient had activity in active forward flexion. None of the patients with poor results had activity of the transferred muscle.
Lichtenberg et al [38•] found 88 % of patients with isolated LD tendon transfer operated on with an activity of the transferred muscle in active external rotation compared with 56 % of patients with combined LD and TM tendons transfer. This activity was equivalent or superior to muscle activity in adduction and internal rotation.
Irlenbush et al [65] found activity in active forward elevation and in active abduction but only from six months after surgery and the activity was positively correlated with the Constant score. They did not study activity of the transferred muscle in active external rotation.
Gerber's team [44•] compared patients with very good results with patients with lower results with a minimum of 20 points of difference in the Constant score. Although some patients were excluded and decreased the power of the study, they found that LD muscles on both sides of each patient remained active in all shoulder movements. The operated side in patients with good results had significantly stronger signal of LD transferred muscle during flexion and abduction compared with nonoperated-on side. Only the patients with good results had a strong signal of the transferred LD in external rotation.
Complications
Some complications of the procedures have been described. 
Recent advances
Technical improvement: arthroscopic fixation, tendon tubularization Some technical or anatomical notes have described arthroscopic assistance in latissimus dorsi transfer [66-68, 69•] .
Only Villacis et al [70] described a small series of eight patients but with short follow-up and few postoperative datas with no assessment scores. We have conducted a multi-center study with a new arthroscopic assisted technique for LD tendon transfer with tendon tubularization and fixation in a bone tunnel of the humeral head [68, 69•] . This technique seemed to result in a better mechanical resistance to traction than other already published techniques [71] . Our results (datas submitted for publication) [ Extension of indication: LD transfer with reverse shoulder arthroplasty to restore active external rotation Some authors have extended indication of LD tendon transfer to patients operated on for cuff tear arthropathy with reverse total shoulder prosthesis and suffering from active external rotation deficit. This active external rotation deficit may give some disappointing results if not dealt with during reverse shoulder arthroplasty surgery. They could increase active external rotation and obtain a more balanced control of the hand [73] [74] [75] .
Conclusions
A thorough examination of the literature on LD tendon transfer for irreparable postero-superior tears and our own clinical experience showed that in this indication this surgical procedure gives significant improvement of pain, active anteflexion, active external rotation, and function of the shoulder. Strength is usually improved but not always in a statistically significant manner.
Constant score is statistically improved but not as much as after a cuff repair and postoperative Constant score rarely reaches values over 75 mainly because of lack of postoperative strength.
Patients' satisfaction is high with usually around 80 % of the patients satisfied with the procedure.
Revision surgery, complete and irreparable subscapularis associated tear, and to a lesser extent teres minor atrophy are factors of bad prognosis. There is a consensus among authors to exclude pseudoparalytic patients or with irreparable subscapularis tear from this surgical procedure.
LD tendon transfer does not seem to stop osteoarthritis progression or superior humeral head migration although those two issues have had no influence on postoperative subjective and objective results of the procedure so far.
EMG analysis of the LD muscle after the transfer shows muscle activity mostly in active external rotation suggesting an active effect and not only a tenodesis effect to explain the new balance of the shoulder.
In our opinion, this technique is the only solution in nonpseudoparalytic young patients who have no osteoarthritis after failure of a previous treatment for massive posterosuperior cuff tears.
It is also certainly helpful in young patients with massive postero-superior cuff tears without osteoarthritis whose tear may be considered as irreparable and who had no surgical treatment. However, in this indication, one must be aware that simple surgical treatment as biceps tenotomy associated with debridement may give very good results with almost no risk of complications. Some studies [23] also give good results for partial repair and particular fascia lata autograft.
It seems difficult to get ethical approval and to collect enough patients in order to have sufficient statistical power to conduct a randomized study between LD tendon transfer and other surgical options as biceps tenotomy plus debridement or partial repair with or without autograft.
In older patients where decrease of active anteflexion and external rotation is mixed with osteoarthritis, LD transfer will not treat the osteoarthritis problem and reverse shoulder arthroplasty is indicated. However, reverse shoulder arthroplasty may be then associated with LD transfer to allow restoration of active external rotation.
Recent advances in the technique with assistance of arthroscopy and tubularization is clearly a benefit as there is less danger for the deltoid muscle and stronger resistance of the transferred tendon to traction. Longer follow-up will be needed to determinate in which clinical situations LD tendon transfer will be the best surgical option.
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